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ABSTRACT: The objectives of the Prostate, Lung, Colorectal and Ovarian' Cancer Screening 
Trial are to determine in screenees ages 55-74 at entry whether screening with flexible 
sigmoidoscopy (60-cm sigmoidoscope) can reduce mortality from colorectal cancer, 
whether screening with chest X-ray can reduce mortality from lung cancer, whether 
screening men with digital rectal examination (DRE) plus serum prostate-specific antigen 
(PSA) can reduce mortality from prostate cancer, and whether screening women with 
CA125 and transvaginal ultrasound (TVU) can reduce mortality from ovarian cancer. 
Secondary objectives are to assess screening variables other than mortality for each of 
the interventions including sensitivity, specificity, and positive predictive value; to 
assess incidence, stage, and survival of cancer cases; and to investigate biologic and/  
or prognostic characterizations of tumor tissue and biochemical products as intermediate 
endpoints. The design is a multicenter, two-armed, randomized trial with 37,000 females 
and 37,000 males in each of the two arms. In the intervention arm, the PSA and CA125 
tests are performed at entry, then annually for 5 years. The DRE, TVU, and chest 
X-ray exams are performed at entry and then annually for 3 years. Sigmoidoscopy is 
performed at entry and then at the 5-year point. Participants in the control arm follow 
their usual medical care practices. Participants will be followed for at least 13 years 
from randomization to ascertain all cancers of the prostate, lung, colorec~m, and ovary, 
as well as deaths from all causes. A pilot phase was undertaken to assess the randomiza- 
tion, screening, and data collection procedures of the trial and to estimate design parame- 
ters such as compliance and contamination levels. This paper describes eligibility, con- 
sent, and other design features of the trial, randomization and screening procedures, 
and an outline of the follow-up procedures. Sample-size calculations are reported, and 
a data analysis plan is presented. Control Clin Trials 2000;21:273S-309S © Elsevier 
Science Inc. 2000 
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I N T R O D U C T I O N  

Lung and colorectal cancers, the mos t  c o m m o n  cancers in Americans,  ac- 
counted for 46% of cancer deaths  in males  and  34% of cancer deaths  in females  
in 1989 w h e n  this trial was  being considered [1]. In males,  prosta te  cancer was  
the third leading cause of cancer morta l i ty  and  accounted for 11% of cancer 
deaths.  In females,  ovar ian cancer accounted for 5% of cancer deaths. Mortal i ty 
statistics for these cancers are similar today.  In 2000, there will be  an es t imated 
28,500 deaths  a m o n g  w o m e n  and 27,800 deaths  a m o n g  m e n  f rom colorectal 
cancer and,  respectively,  67,600 and  89,300 deaths  f rom lung cancer. About  
14,000 w o m e n  will die f rom ovar ian  cancer and  31,900 m e n  f rom prosta te  
cancer [2]. 

The death  rate for prosta te  cancer has  increased somewha t  over  time, while  
the rate for colorectal cancer has d ropped ,  especially for females. The death  
rate for lung cancer has  risen rapidly  in bo th  sexes, wi th  a recent d o w n t u r n  
for males  [2]. Successful screening p rog rams  for these three cancers could have  
a major  impact  on overall  cancer mortali ty.  The death  rate for ovar ian  cancer has  
remained  relatively stable. Near ly  70% of ovar ian  cancers present  as advanced  
disease wi th  a poor  prognosis ,  while  localized disease has  a 90% survival  rate 
[3]. Successful screening might  substantial ly reduce ovar ian  cancer mortali ty.  

Uncerta inty regarding the value of screening for these cancers has  resul ted 
in conflicting posi t ions in the medical  c o m m u n i t y  and confusion in popula t ions  
at risk. A randomized ,  controlled trial is necessary to de termine  the effects of 
screening on disease-specific mortali ty.  The Prostate,  Lung,  Colorectal  and  
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Ovarian (PLCO) Cancer Screening Trial is a 23-year randomized trial in which 
37,000 men will be screened for prostate, lung, and colorectal cancers and 37,000 
women will be screened for lung, colorectal, and ovarian cancers. Prostate- 
specific antigen (PSA) and digital rectal examination (DRE) (for prostate), chest 
X-ray (for lung), 60-cm flexible sigmoidoscopy (for colorectal), and CA125 blood 
test and transvaginal ultrasound (TVU) (for ovary) are being investigated as 
screening modalities. An equal number of men and women will be followed 
with routine medical care as controls. There will be a follow-up period of at 
least 13 years from randomization for both intervention and control participants 
to determine the effects of screening on cause-specific mortality. 

This paper describes the design of this trial at the completion of protocol 
development (just prior to the initiation of the pilot-phase recruitment) and 
protocol modifications that have occurred since. Included are the specific ratio- 
nale for each cancer site, overall design features, screening and follow-up 
procedures, sample-size considerations, and data analysis plans. Recruitment 
into the pilot phase began November 16, 1993, with main-phase recruitment 
commencing September 30, 1994. 

TRIAL RATIONALE 

Prostate Cancer Screening 

The DRE, the most common screening test for prostate cancer screening 
prior to 1990, has never been completely evaluated. Observational studies have 
examined sensitivity and case survival data, but without appropriate controls 
and with no adjustment for lead-time and length biases [4, 5]. 

In 1984, Chodak and Schoenberg [6] reported on 811 patients from 50-80 
years of age who underwent rectal examination and follow-up. Thirty-eight of 
43 patients with a palpable abnormality in the prostate agreed to undergo 
biopsy. The positive predictive value for prostate cancer was 29%. Forty-five 
percent of the cases were stage B, 6% stage C, and 18% stage D. More recent 
results from the same investigators revealed a 25% positive predictive value 
with 68% of the detected tumors clinically localized [7]. Others also reported 
a high proportion of localized disease when prostate cancer is detected by 
routine rectal examination [8-11]. In contrast, Wajsman and Chu [12] among 
others have reported that even with annual rectal examination, only 20% of 
cases are localized at diagnosis. Thompson and Zeidman [13] reported that 
25% of men presenting with metastatic disease had a normal prostate exam. 

A summary of the data on DRE for detection of prostate cancer concluded 
the following: sensitivity is 55-69%, specifiCity is 89-97%, positive predictive 
value is 11-26%, and negative predictive value is 85--96% [14]. Further, the 
rectal examination depends on the skill and experience of the examiner and 
the presence of a cancer in the posterior prostate. However, DRE is inexpensive, 
relatively noninvasive, nonmorbid, and can be taught to nonprofessional health 
workers. What remains to be determined is whether routine annual screening 
by rectal examination reduces prostate cancer mortality. A case-control study 
involving 139 men with metastatic prostate cancer and matched controls found 
the relative risk of metastatic prostate cancer to be 0.9 for men with one or 
more rectal examinations compared with men with none. The 95% confidence 
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interval was 0.5-1.7, suggesting that screening by routine DRE appears to 
have little effect in detecting and treating prostate cancer before it becomes 
metastatic [15]. 

Prostatic imaging by ultrasound, computerized tomography, and magnetic 
resonance imaging have also been suggested for prostate cancer screening. 
Each modality has relative advantages and disadvantages. Transrectal ultra- 
sound has received the most attention [8, 16-22]. In a summary, Waterhouse 
and Resnick [23] reported that the sensitivity and specificity of ultrasound are 
too low for the procedure to be a valuable screening tool. Sensitivity ranged 
from 71-92% for prostate cancer and 60-85% for subclinical disease. Specificity 
ranged from 41-79%, and positive predictive values in the 30% range have 
been reported. The sensitivity and positive predictive value of ultrasound may 
be better than those of DRE when each is used as a single test. However, the 
relatively low specificity along with the invasiveness and cost of the procedure 
preclude routine screening for prostate cancer by transrectal ultrasound. 

Serum PSA has been examined in several observational settings, both for 
initial diagnosis of disease and as a tool to detect recurrence after initial therapy 
[8, 20, 24-27]. Parameter estimates for this test include sensitivity near 70% 
and positive predictive values of 17-28%, although these estimates of predictive 
value are strongly dependent upon the disease prevalence in the populations 
studied [28]. The potential value of PSA lies in its simplicity, objectivity, repro- 
ducibility, lack of invasiveness, and lower cost relative to ultrasound. The test 
has increased the detection rate of early stage cancers, many of which may be 
curable by local therapy [9, 29, 30]. However, the test must be carefully evalu- 
ated because false positives in the form of benign prostatic lesions are common, 
requiring biopsies and added expense, and PSA testing cannot distinguish 
between latent or biologically irrelevant versus aggressive tumors. 

The use of serial tests to assess the rate of change of PSA has been evaluated 
as a method to improve the specificity of the test [31]. The combination of PSA 
and ultrasound has been used to determine PSA density indexed to prostate 
size [32-34]. In one study, volume-adjusted PSA identified a population at 
higher risk of carcinoma [35], but another study of intermediate levels of PSA 
found no advantage to volume-adjusted PSA levels for screening [36]. Ratios 
of free to complexed PSA can amplify the differences in PSA levels for individu- 
als with prostate cancer versus prostatic hyperplasia [37, 38]. No statistical 
advantage has been established for using the ratio of free to total PSA compared 
to total PSA alone in a screened population [39]; however, the free to total PSA 
ratio did improve specificity in other studies [40]. 

In a study by Cooner et al. [41] to resolve questions surrounding the relative 
merits of the three tests, all subjects had a rectal examination, PSA determination 
(Hybritech assay), and a 7-mHz ultrasound examination. Most of the partici- 
pants with positive results on ultrasound plus a few other individuals were 
biopsied. The pertinent findings of this study and a similar study by Lee et al. 
[20] are given in Table 1. Both studies demonstrate that the rate of cancer 
among subjects with positive results on ultrasonography in whom the rectal and 
PSA exams are normal is extremely low. Hence, ultrasound was not included as 
one of the screening tests in this trial. 

Careful evaluation of prostate cancer screening is mandatory because the 
natural history of the disease is variable and appropriate treatment is not clearly 
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Table I Effect of Rectal and Prostate-Specific Antigen Examinations on 
Cancer Rate in Patients with Abnormal Rectal Ultrasound 

Cooner Study Lee Study 

Biopsies Cancer Rate Biopsies Cancer Rate 

Rectal +, PSA + 235 151 0.64 89 63 0.71 
Rectal +, PSA - 166 23 0.14 23 6 0.26 
Rectal - ,  PSA + 134 41 0.31 92 31 0.34 
Rectal - ,  PSA - 177 12 0.07 44 2 0.05 

PSA = prostate-specific antigen. 

defined [28, 42, 43]. The ~cidence of prostate cancer found at autopsy steadily 
increases for each decade after age 50, and most of these lesions are clinically 
latent. Some progress has been made in predicting the biologic behavior of 
these tumors, but despite improved understanding of the relationship among 
histologic grade, tumor volume, and biologic behavior, it is difficult to deter- 
mine appropriate therapy for any given tumor [44]. A meta-analysis indicated 
that patients with low-grade prostate cancer can experience long-term survival 
with deferred therapy [45]. Decision analyses produce indeterminate results 
because of uncertainty regarding treatment efficacy and metastatic rates for 
prostate cancer [46-48]. On the other hand, a review of 60,000 cases of prostate 
cancer diagnosed between 1983 and 1992 showed that men with poorly or 
moderately differentiated cancer had improved survival if treated rather than 
followed [49]. 

Screening and treatment of a large population of males could entail substan- 
tial risks and morbidity, which include urinary incontinence, urethral strictures, 
sexual impotence, rectal injury, and a small probability of treatment-related 
mortality [44, 50]. Given these circumstances, careful evaluation of prostate 
cancer screening is needed. Currently, there is insufficient evidence with which 
to decide the efficacy or effectiveness of screening asymptomatic men [44, 47]. 
In addition to the PLCO trial, randomized trials are underway in other countries 
to address these issues [51, 52]. 

Lung Cancer Screening 
Evaluations of chest X-ray and sputum cytology, the most common screening 

tests for lung cancer, were first reported nearly 30 years ago. The early studies 
include the Philadelphia Pulmonary Neoplasm Research Project [53], a nonran- 
domized, uncontrolled study begun in 1951; the Veterans Administration study 
[54], a nonrandomized, uncontrolled study performed from 1958 to 1961; the 
South London Lung Cancer Study [55], a nonrandomized, uncontrolled study 
done in 1955 to 1963; the North London Cancer Study [56, 57], a randomized 
study with industrial firms randomized between screening and no screening 
done in the early 1960s; and the Kaiser Foundation Health Plan multiphasic 
screening trial [58, 59], a controlled trial with annual chest X-ray, spirometry, 
and medical questionnaire as part of the multiphasic screening begun in 1964. 
None of these studies demonstrated a significant impact of screening on lung 
cancer mortality. The South London study, for example, showed an increase 
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in the survival of screen-detected cases compared with other cases found in 
the same geographical region, but without adjustment for self-selection bias, 
lead-time bias, overdiagnosis bias, or length bias [60, 61]. These studies typically 
were small, and for most, follow-up was short, so that any small to moderate 
size effect or any long-term effect was not likely to be demonstrated. 

More recent studies include a randomized trial in Czechoslovakia [62, 63], 
a case-control study in the former German Democratic Republic [64], and a 
case-control study in Japan [65]. As with some earlier studies, the randomized 
groups in the Czechoslovakian study were screened with cytology and X-ray 
at two frequencies, semiannual versus every 3 years, so that there was no 
unscreened control group. There was no difference in mortality between the 
two groups. The German case-control study evaluated chest X-rays originally 
used for control of tuberculosis. The Japanese case-control study considered 
X-ray histories among deceased lung cancer cases and matched controls. In 
contrast to the German study, the odds ratio of dying from lung cancer for 
those screened within 12 months versus those not screened was 0.72, suggesting 
some benefit from the screening. 

Three other randomized controlled trials have been conducted. One trial, 
the Mayo Lung Project, was initiated in 1971 for males 45 years or older who 
were heavy smokers [66-68]. Participants free of lung cancer on initial screening 
were randomized either to a group offered screening with sputum cytology 
and chest X-ray every 4 months or to a group not offered screening but advised 
to seek it annually. In the studies at the Johns Hopkins University Hospital 
[69-72] and at Memorial-Sloan Kettering Cancer Center [73, 74], intervention 
and control groups were offered annual chest X-ray, while the intervention 
group was also offered sputum cytology every 4 months. In the Mayo Clinic 
study, cases found in the screened arm were diagnosed in earlier stages than 
those in the control arm. However, there was no significant reduction in lung 
cancer mortality between the screened group and the control group in any of 
these trials. 

Therefore, at this point there is no solid evidence that screening for lung 
cancer can reduce lung cancer mortality. Sputum cytology has not been shown 
to be effective as an adjunct to annual chest X-ray. There is evidence that 
screening with chest X-ray plus sputum cytology does improve stage at diagno- 
sis and case survival rate relative to cases diagnosed through usual care, but 
despite this there was no reduction in lung cancer mortality. However, model- 
ing using data from these trials suggests that there may have been as much as 
an 18% mortality reduction in these trials [75-77]. 

The Mayo study is the only one of the three which is pertinent to studying 
annual X-ray in the present trial because the use of screening X-rays differed 
in the two arms. However, several reservations can be noted about the Mayo 
study finding. First, the study was designed to detect a 50% reduction in lung 
cancer mortality and was too small to demonstrate a lesser but important 
reduction of 10-15%. Second, at the time the study was terminated there were 
still 40 excess cases of lung cancer in the screened group. Whether these cases 
represent overdiagnosis or a screening benefit that would only be seen with 
longer follow-up is not known. Third, about 50% of the men in the control 
group received an annual chest X-ray [68]. Thus, the level of contamination 
may have been sufficient to obscure any small to moderate benefit. Finally, 
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Table 2 Power to Detect Various Screening Effects in Previous Studies of 
Chest X-Ray Screening for Lung Cancer (Based on Actual Deaths 
Observed) 

Mortality Reduction (%) 

Study 10 20 30 40 50 

Philadelphia 0.14 0.32 0.59 0.85 0.98 
VA 0.16 0.38 0.69 0.92 0.99 
South London 0.14 0.31 0.57 0.83 0.97 
North London 0.16 0.39 0.70 0.93 0.995 
Kaiser 0.12 0.27 0.50 0.76 0.94 
Czechoslovakia 0.16 0.39 0.71 0.93 0.996 
Mayo 0.21 0.54 0.88 0.99 0.999 

when prevalence cases were detected at the first screen, they were followed 
separately and were not part of the randomized comparison. Hence, any effect 
of X-ray on reducing lung cancer mortality among these cases could not have 
been determined. It can also be argued that therapeutic advances may render 
early detection more effective today than at the time of the Mayo trial. 

The concern about insufficient size of previous studies of chest X-ray screen- 
ing is illustrated in Table 2. The uncertainty in interpretation of results from 
completed studies has led to differences of opinion regarding the value of 
the annual chest X-ray. Whether a small but important benefit exists can be 
demonstrated only by a properly designed randomized trial. 

Colorectal Cancer Screening 
DRE, sigmoidoscopy, and fecal occult blood testing have each been suggested 

for colorectal cancer screening. However, only the fecal occult blood test has 
been proven to be beneficial. 

Several uncontrolled studies suggesting that the fecal occult blood test leads 
to early detection have been reported [78-80] as have two case-control studies 
of the effect of occult blood testing on colorectal cancer mortality. In one study, 
the screening histories of fatal colorectal cancer cases and matched controls 
were compared, resulting in an odds ratio of 0.69 for exposure to at least one 
occult blood test over a 5-year period. The wide confidence interval (0.52-0.91) 
suggested a benefit from the screening but also the need for further data [81]. 
In the second study, cases were less likely to have ever been screened than 
controls. The odds ratio was 0.7 with a 95% confidence interval of 0.5-1.0, 
consistent with a screening benefit [82]. 

Five prospective, controlled studies of fecal occult blood testing have also 
been conducted. The Strang Clinic of New York undertook a nonrandomized 
study involving some 12,000 screenees and 7000 controls designed to test the 
effect of combining the stool guaiac test with annual sigmoidoscopy. Individu- 
als were allocated to the study arms by calendar periods. A reduction in 
colorectal cancer mortality of borderline significance was reported [83]. 

A randomized trial of the stool guaiac test began in 1974 at the University 
of Minnesota, where nearly 47,000 persons ages 50-80 were randomized into 
three groups: a control group, an annually screened group, and a biennially 
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screened group. The preponderance of test slides were rehydrated. Recent 
results provided the first definitive evidence that annual testing for occult blood 
in the stool can reduce the death rate from colorectal cancer. The 13-year 
cumulative mortality from colorectal cancer was reduced by 33% (mortality 
ratio 0.67 with 95% confidence interval 0.50-0.87) [84]. 

A controlled trial in Nottingham, United Kingdom randomized approxi- 
mately 76,000 individuals to each of two arms using lists of family practitioners. 
Fecal occult blood testing every 2 years using nonrehydrated slides was offered 
to the screened arm for three to six rounds of screening. A 15% reduction in 
colorectal cancer mortality was reported after a median follow-up time of 7.8 
years [85]. 

Two additional randomized trials of occult blood screening were initiated 
more recently. A trial in Sweden targeted individuals in the narrow age range 
of 60-64 years [86]. A Danish trial randomized about 31,000 individuals ages 
45-75 into two arms. Participants in the screened arm were offered nonrehy- 
drated fecal occult blood tests every 2 years for five rounds over a 10-year 
period [87, 88]. This trial demonstrated an 18% reduction in colorectal cancer 
mortality [89]. 

In summary, testing for occult blood in the stool as a colorectal cancer 
screening maneuver has been studied in several trials, and a mortality reduction 
has been demonstrated. The focus of the PLCO trial is therefore flexible sigmoid- 
oscopy. 

DRE and rigid sigmoidoscopy were both part of the multiphasic screening 
program carried out by the Kaiser-Permanente Foundation, and some consid- 
ered the results of this study to be evidence of the effectiveness of these tests 
[90]. Approximately 5000 individuals were allocated to a study group urged 
to receive an annual multiphasic checkup, and a comparable number served 
as controls. After 11 years, the screened group experienced a colorectal cancer 
death rate of 1.0 per 1000 participants entered compared to a rate of 3.3 per 
1000 in the control group [58, 59]. The observed decrease in colorectal cancer 
mortality in this study could be a real effect resulting from screening. However, 
this conclusion has been questioned for several reasons [91]. Some cancers 
were detected in an investigation of anemia resulting from the multiphasic 
examination as well as by the two tests. Further, in a reanalysis the investigators 
found that rates of sigrnoidoscopy were low in both groups (control: 25%; 
screened: 30%), that there was only a slight excess of exposure to sigmoidoscopy 
in the study group compared to the control group, and that there was not an 
appreciable difference in removal of colorectal polyps between groups. They 
concluded that this study should not be used as evidence either for or against 
sigmoidoscopy screening [92]. DRE made a minor contribution. In addition, a 
case-control study found no statistically significant mortality reduction from 
distal rectal cancer using DRE [93]. 

Two additional observational cohort studies of sigmoidoscopy have been 
reported. One involved 21,000 participants in Minnesota who underwent an 
annual physical examination that included sigmoidoscopy [94, 95]. Polyps 
discovered during screening were removed, and the number of sigmoid cancers 
ultimately found was only 15% of the number expected. All of the 13 cancers 
found were localized, and none of the patients had died as of 1979. The second 
study followed 26,000 men and women in New York [96]. In 50 cancer patients 
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identified by screening and followed over 15 years, the 5-year survival rate 
was reported to be 90%. The interpretation that screening was of benefit in 
these two studies can be questioned on several grounds. Both studies are likely 
to be affected by self-selection bias of participants and by exclusion of certain 
individuals from the follow-up process. In the New York study, seven people 
with a history of symptoms and eight with previously diagnosed lesions were 
excluded, thereby lowering the observed incidence and mortality rates. In the 
Minnesota study, cases found at the initial examination were excluded from 
the observed incidence, and only individuals without gastrointestinal symp- 
toms were allowed to participate. Thus, the data cannot be validly compared 
with the general population [91]. In addition, the reported survival data from 
both studies are affected by lead-time and length biases, but no adjustment for 
these biases was attempted. 

Flexible sigmoidoscopy has been shown to be more acceptable to screenees 
than rigid endoscopy, and the test appears to be very sensitive and highly 
specific for cancer [97, 98]. The test can discover a high proportion of polyps, 
and evidence suggests that removal of adenomas decreases the risk of colorectal 
cancer [99]. The need to address the impact of flexible sigmoidoscopy screening 
on colorectal cancer mortality has been discussed by several investigators [97, 
100, 101]. Encouraging reports of the potential impact of this test come from 
two case-control studies and from the modeling work of Eddy et al. [102, 103], 
which suggests a potential mortality reduction of 25--40%. Both case-control 
studies were conducted in prepaid health plans and used colorectal cancer 
deaths as cases, with matched controls. Exposure to sigmoidoscopy in cases 
and controls was compared [104, 105]. Rigid sigmoidoscopy was used in one 
study, while a majority of the screening was by flexible sigmoidoscopy in the 
other study. Both studies suggested a strong effect of sigmoidoscopy in reducing 
colorectal cancer mortality, with unadjusted odds ratios of 0.30 and 0.21. The 
modeling conclusions and the case-control studies are subject to the assump- 
tions and biases in the methodologies, so that conclusive results will only be 
obtained from a randomized trial. 

Ovarian Cancer Screening 

Traditionally, the pelvic examination has been relied on to detect ovarian 
cancer, but  it is insensitive to early disease and small tumors [106]. Thus, most 
ovarian cancers present as late-stage disease. Two new technologies may be 
useful as screening tools: CA125 and TVU. 

CA125 is an antigenic determinant on a high molecular weight glycoprotein 
recognized by a monoclonal antibody (OC 125) using an ovarian cell line as 
an immunogen. The test is performed on peripheral blood. In mostly small 
(50-150 patients) preoperative studies of women with ovarian masses, serum 
CA125 levels were elevated (typically above 35 U/mL) in 68-100% of cases 
averaged over all stages and in 40-50% of stage I disease. Serum CA125 may 
also be elevated with pregnancy, endometriosis, menstruation, benign ovarian 
tumors, and with breast, colon, pancreatic, lung, gastric, and liver cancers [107]. 
CA125 was reported to have high specificity in postmenopausal women in 
two prospective trials. Among 1010 postmenopausal women undergoing both 
pelvic examination and CA125, the only malignancy diagnosed was detected 
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by  CA125 [107]. The specificity was 94.3%. In a s tudy in Sweden among 5550 
women  over 40 years of age, nine cancers were detected, six of the nine by 
CA125 [108]. Specificity was 98.5% using a threshold of 35 U / m L  in women  
50 years of age and older. The sensitivity of CA125 was estimated in two nested 
case-control studies using sera available from two serum banks [109, 110]. The 
sensitivity for a level of at least 35 U / m L  ranged from 20-57% for cases oc- 
curring within the first 3 years of follow-up. These two studies also reported 
a specificity of 95%. 

These preoperative and prospective studies together suggest early detection 
potential for CA125. However,  no studies have been conducted to measure 
sensitivity and specificity in a large screened population, and no randomized 
trials have been initiated to assess the impact of screening with CA125 on 
ovarian cancer mortality. 

TVU has been proposed for ovarian cancer screening [111], but  experience 
with this modali ty is limited. In a series of 1017 tumors, 0.3% of ovarian 
tumors unilocular on ul trasound were malignant,  while 8% of those that were 
multilocular and 39% of those that were solid were malignant  [106]. Higgins 
et al. and Van Nagell et al. [111, 112] have been using TVU for screening women  
over the age of 40 since 1987. Using 8 cm 3 as the upper  limit of normal ovarian 
volume, 31 abnormal ultrasonograms (in 1000 women) were obtained; 24 of 
these women  underwent  laparotomy. TVU identified all three of the cancers de- 
tected. 

Estimates of yield and false positivity of ul trasound are available from several 
studies of women  offered periodic screening. In a cohort of 801 women ages 
40-70 who had one or more risk factors for ovarian cancer, 163 had an abnormal 
abdominal ultrasound. Surgery was performed in 30 cases, and one borderline 
ovarian tumor was found [113]. In another s tudy of abdominal ultrasound, 
5479 asyrnptomatic women  underwent  periodic screening. Of 326 participants 
who had a positive test and went  on to surgery, five women  were diagnosed 
with stage IA or IB ovarian cancer, and four were diagnosed with metastatic 
ovarian cancer [114]. TVU was also used in a s tudy of 3220 asymptomatic,  
postmenopausal  women. An abnormal exam led to exploratory laparotomy in 
44 women. Three primary ovarian carcinomas were found, two with stage IA 
cancer [115]. Finally, both transvaginal and transabdominal ul t rasound were 
used to screen 1601 women  with a first- or second-degree relative who had 
ovarian cancer. There were 61 positive tests, leading to six ovarian cancers, five 
stage I. There were five additional cancers, three ovarian and two peritoneal, 
reported 2-44 months after the last test [116]. 

The available evidence is not sufficient to determine if the sensitivity and 
specificity of any single ovarian cancer screening test is adequate for routine 
application. The modalities may  be complementary when  used together. The 
cost of a test such as TVU, as well as the risks and costs associated with surgical 
evaluation of any positive test result, are potential impediments  to general 
screening. Prospective screening trials to evaluate these modalities are required. 

DESIGN FEATURES 

Objectives and Global Design 

The PLCO trial is designed to determine, in screenees ages 55-74 at entry, 
whether: 
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In females and males 

• screening with flexible sigmoidoscopy (60-cm sigmoidoscope) can reduce 
mortality from colorectal cancer, and 

• screening with chest X-ray can reduce mortality from lung cancer. 

In males 

• screening with DRE plus serum PSA can reduce mortality from pros- 
tate cancer. 

In females 

• screening with CA125 and TVU can reduce mortality from ovarian cancer. 

The secondary objectives are: (1) to assess screening variables other than 
mortality for each of the interventions including sensitivity, specificity, and 
positive predictive value; (2) to assess the incidence, stage, and survival of 
cancer cases; (3) to investigate the mortality predictive value of biologic and/  
or prognostic characterizations of tumor tissue as intermediate endpoints; and 
(4) to conduct biomolecular and genetic research into factors associated with 
cancer carcinogenesis and promotion, as well as the early detection of these 
factors. 

The design is a two-armed, randomized, controlled trial with 37,000 females 
and 37,000 males, ages 55-74 at entry, in each of the two arms. Ten screening 
centers (SCs) will each recruit approximately 5000 to 30,000 individuals to reach 
the total of 74,000 females and 74,000 males. Minority representation in the 
aggregate participant population is sought in appropriate numbers. Participants 
in the control arm receive their usual medical care. In the intervention arm, 
men are screened for prostate, lung, and colorectal cancers, and women are 
screened for ovarian, lung, and colorectal cancers. (See Figure 1.) The PSA and 
CA125 screening tests are performed at the initial visit at entry to the trial, 
then annually for 5 years. The DRE, TVU, and chest X-ray exams are performed 
at entry and then annually for 3 years, except that there are only two annual 
repeat x-ray exams for participants who never smoked. Sigmoidoscopy is per- 
formed at entry and then at the 5-year point. All participants will be followed 
for at least 13 years from randomization. 

Design Options Considered 
A major design issue was whether to undertake separate trials for each of 

the cancer sites and corresponding screening modalities or combine them in 
some way. After a detailed examination of the costs of separate trials and 
various combinations of cancer sites, it was concluded that the most efficient 
use of resources would be to evaluate screening for the four cancers in one trial, 
thereby taking advantage of the efficiency of using one common administrative 
structure and one coordinating center (CC). It was also decided to use combina- 
tions of the screening tests deemed ready for evaluation, as described above, 
rather than evaluating each test individually. So, for example, DRE and PSA 
are used together rather than doing a separate trial for each. There were two 
main reasons for this approach: cost constraints and the ability to evaluate the 
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Figure I Schematic of the PLCO trial design. 

combined, more-intensive interventions first to see if the combination works. 
If it does not, then testing the individual procedures is not warranted. If it 
does, then the individual tests can be evaluated subsequently. 

Several overall designs were then considered [117]. The two primary compet- 
itors were the reciprocal control design and the all-versus-none design. The 
reciprocal control design would have had three arms: one devoted to screening 
for prostate or ovarian cancer, the second to colorectal cancer screening, and 
the third to lung cancer screening. Since screening would be undertaken for 
only one cancer site per gender in any given arm, the other arms would serve 
as controls. It was ultimately decided that this design would not be feasible 
because of the cost of bringing all participants in for screening and the antici- 
pated substantial levels of contamination, because all participants would be 
coming in for screening and be aware that participants in the other arms were 
receiving other screening tests, which they would then request. The all-versus- 
none design was thus chosen in which participants would be randomized to 
one of two arms. One arm would serve as a control, while screening for all 
cancers would be done in the other arm, in the spirit of a multiphasic screening 
endeavor. Use of the all-versus-none design makes the reasonable assumptions 
for the cancers and screening tests under study that the tests for each cancer 
do not detect any of the other cancers, and that the endpoints--death from 
each of the four cancers--are not related. 

Within this design it was further decided to employ the so-called "stop 
screen" approach in which screening is performed for a fixed number of years 
or screening rounds and then stopped, but follow-up continues to ascertain 
endpoints [118]. This approach was chosen primarily because it had been used 
successfully in screening trials for breast and colorectal cancers and because it 
is the only design that allows a direct assessment of overdiagnosis, a topic of 
considerable concern for prostate cancer screening in particular. 

Specific Design Choices 

The initial choice of four annual screens, at baseline (TO) plus three annual 
re-examinations (T1, T2, T3), later expanded to six screens (T0-T5) for PSA and 
CA125, was a trade-off between enough screens to produce an effect and 
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resources. Three or four screening rounds were sufficient in breast cancer 
screening trials [119, 120]. This also allowed sigmoidoscopy initially to be 
scheduled at the beginning and end of screening at a 3-year interval as suggested 
by many at the time the trial began. The annual interval between screens was 
chosen as the most frequent yet practical interval if screening is shown to be 
effective. Compared to less frequent screening, an annual interval also increases 
the likelihood of detection of a broad spectrum of the preclinical conditions in 
the natural history of the cancers under study. A longer interval might allow 
some rapidly growing lesions, which might be a source of mortality but which 
could be cured if found early, to escape detection. A minimum of 10 years of 
follow-up was initially decided upon to allow sufficient time for any mortality 
reduction from screening to emerge. Follow-up intervals of 7 years or more 
were typically required in breast cancer screening trials [119, 120], and it was 
assumed that the longer natural history of prostate cancer, and perhaps other 
cancers under study, warranted a longer follow-up period. It was recognized 
that these and other design parameter choices were based on the best informa- 
tion at the time and may be subject to change as a result of data gathered 
during the trial and other information. 

The original age range at entry was 60-74 years. Prostate cancer screening 
was the driving force for the trial, and the lower age limit was based on the 
sharp increases in prostate cancer mortality beginning about age 60. The upper 
age limit was based on a combination of increasing mortality from other causes 
and anticipated reduction in compliance above age 80. Enrollment of individu- 
als in the 55-59 age group began in January 1996 on the advice of the trial's 
Monitoring and Advisory Panel (MAP). The MAP based its recommendation 
on prostate cancer, considering trade-offs between younger and older ages 
and recognizing the natural history of untreated disease and the prognostic 
importance of age at diagnosis. While the importance of prostate cancer in- 
creases with age, so does the competing mortality. It is reasonable to expect 
that the optimal upper age to initiate screening is not above 75 years, given the 
relatively slow natural history of screen-detected prostate cancer, the decreasing 
proportion of patients over 75 who undergo surgery, and the high competing 
mortality. Many believe a somewhat lower age range, with a lower age limit 
of 50 or 55 years, is preferred for detecting progressive but curable prostate 
cancers in men with longer life expectancy. The impact of this change in age 
range on the trial's sample size is discussed below. 

The time line for this trial is shown in Figure 2. This includes the 2-year 
pilot phase for protocol development and vanguard recruitment and screening, 
followed by a main phase that comprises recruitment and initial screening of 
participants in years 3-9, follow-up and additional screening through year 14, 
final follow-up through year 22, and data analysis through year 23. This time 
frame represents an experience-based extension of the original target to allow 
sufficient time to recruit the very large population required for this trial and 
follow this population for relevant cancer and mortality endpoints. 

Pilot Phase 

Protocol Development 
During the first 6 months of the pilot phase, the trial investigators addressed 

the following components of the trial protocol: 
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Figure 2 The PLCO time line. 

1. eligibility requirements for participants entering the trial; 
2. mechanism for notifying trial participants of screening results and encour- 

aging them to seek further work-up of suspicious or positive results; 
3. work-up of participants with suspicious or positive screens, including 

discussion of what further tests are required and in what sequence; 
4. mechanism for providing appropriate therapy for cancer (or other lesions) 

detected by the screening program; 
5. procedures for establishing and monitoring quality control of screening 

examinations; 
6. procedures for follow-up of all randomized participants, monitoring of 

compliance with screening, determining cancer incidence, ascertaining 
cause of death, and correlating biological and tumor characteristics with 
mortality; and 

7. educational materials for controls and for screened participants. 

A number of these topics are discussed further below. The details of these 
and other protocol components, such as the questionnaires used in this trial, 
reside in the manual of operations and procedures. 

Pilot Enrollment Period 

Certain pilot studies were planned for the first 2 years of the trial. Decisions 
on the long-term commitment to the trial were based on these studies. The major 
activities carried out during the pilot recruitment period are summarized below: 

1. Test and evaluate recruitment and randomization procedures by enrolling 
participants at each SC. Ten SCs enrolled 12,000 participants during the 
pilot phase. 
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2. Work out the detailed logistics by actually performing the screening exam- 
inations on the pilot-phase participants allocated to the screened arm. It 
was expected that all screening would take place during a single visit to 
an SC lasting no longer than 2 hours. 

3. Assess background level of usage (contamination) of each screening mod- 
ality among the participants actually randomized at each SC. 

4. Assess compliance for each of the screening modalities at each SC. 
5. Test in actual practice all of the data forms and procedures developed 

during the first year of the pilot phase. 
6. Establish procedures to collect, ship, and analyze blood for PSA and 

CA125 assays and to collect and ship blood and tissue samples for the bio- 
repository. 

Each SC identified recruitment sources and strategies appropriate to the local 
situation. Randomization and enrollment of participants, initially scheduled to 
begin in September 1993, began in November 1993 when the protocol was 
completed and the screening procedures set up. During the pilot phase, repre- 
sentatives of the CC attended all meetings of the investigators and were respon- 
sible for documenting all decisions reached and compiling the trial protocol 
as it developed. In addition, the CC was responsible for developing appropriate 
trial forms, setting up data entry and editing systems, and writing a manual 
of operations for all procedures to be used in the trial. During this phase, efforts 
were made to standardize all examinations to the extent deemed feasible in 
the trial settings. Efforts were made to monitor performance at each SC and 
to correct any deficiencies so as to maintain adequate recruitment for the main 
phase of the trial. Participants randomized during the pilot phase are treated 
as a vanguard group and are included with the participants recruited later in 
the main phase. 

Main Phase 

Pilot-phase activities were concluded satisfactorily, and full-scale recruit- 
ment to the main phase of the trial began on September 30, 1994. Each SC is 
randomizing approximately 5000 to 30,000 participants into the trial during 
years 3-9 of the trial. After recruitment is complete, further screening is required 
for 5 years, and annual determination of cancer incidence and of deaths among 
trial participants is needed for the remaining years of the trial. 

Trial Population and Exclusion Criteria 

Proposals were solicited from all groups nationwide capable of assembling 
the necessary staff and facilities to recruit participants, conduct the screening, 
and follow all randomized participants for at least 10 years after entry into the 
trial. Proposals were peer reviewed. Selection was competitive. The population 
under study therefore comprises volunteer participants recruited from a variety 
of organizations. Characteristics of the enrolled population are ascertained via 
a baseline questionnaire. Potential participants are excluded for the follow- 
ing reasons: 
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1. men and women who at the time of randomization are ~ 55 or > 74 
years of age; 

2. individuals currently undergoing treatment for cancer, excluding basal 
cell and squamous cell skin cancer; 

3. individuals with known prior cancer of the prostate, lung, colon, rectum, 
or ovary; 

4. individuals with previous surgical removal of the entire prostate, one 
lung, or the entire colon; 

5. individuals who are participating in another cancer screening or cancer 
primary prevention trial; 

6. males who have taken Proscar (Finasteride) in the past 6 months; 
7. males who have had more than one PSA blood test in the past 3 years; 
8. individuals who have had a colonoscopy, sigmoidoscopy, or barium en- 

ema in the past 3 years; 
9. individuals who are unwilling or unable to sign the consent form. 

The intent of exclusion criteria 7 and 8 is to exclude individuals who might 
be undergoing the screening tests being studied in this trial. These criteria were 
implemented on April 15, 1995 on the advice of the trial's MAP to minimize 
contamination in the trial population. During protocol deliberations, it was 
recognized that the level of contamination by participants already receiving 
one or more of the trial interventions was a very important parameter about 
which there was considerable uncertainty. It therefore was decided to allow a 
more open recruitment at the start so as to measure directly the contamination 
levels, with the option of making adjustments in the main phase of the trial. 
That adjustment was made on April 15, 1995 after data revealed that the level 
of PSA testing among trial participants was nearly double that anticipated 
prior to the initiation of recruitment. 

Prior to October 1996, women with previous surgical removal of both ovaries 
were excluded from the trial. However, enrollment of women proved more 
difficult than for men, and the MAP recommended that the trial enter all 
women, regardless of ovary status, to increase enrollment of women and 
thereby enhance the trial's ability to reach a valid scientific conclusion regarding 
the colorectal and lung cancer endpoints. Thus, beginning in October 1996, 
women without ovaries were no longer excluded. 

Consent 

At the outset, each SC had the option of using one of two informed consent 
procedures. Prerandomization consent requires informed consent from partici- 
pants before randomization into the trial. It was believed that this consent, 
covering all aspects of participation including screening and data collection, 
could lead to greater contamination, but could also lead to greater compliance. 
Dual consent randomization consisted of an initial consent from all participants 
for administration of the baseline questionnaire and follow-up for cancer inci- 
dence and vital status. A second consent was then obtained only from partici- 
pants randomized to screening, the purpose of which was to obtain consent 
to conduct the screening tests. This approach could reduce contamination, but 
could also lead to lowered compliance. Three of the initial ten SCs chose the 
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dual consent approach. However, after several years of recruitment, all centers 
were directed to switch to a single consent because the extra complexities of 
the dual consent were impeding enrollment and compliance with screening. 

A prototype consent form was designed using standard language across 
SCs describing the randomized design of the trial, the obligations of the partici- 
pants, the nature of the screening tests being studied, and the potential risks and 
benefits of participation. Discomforts associated with the screening procedures 
were listed, including the possibility of discomfort from the physical examina- 
tion of the ovaries, the DRE, the sigmoidoscopic examination, and the TVU. 
Risks mentioned included the very rare perforation of the bowel during sig- 
moidoscopy, the very slight chance of a vaginal tear from the ultrasound probe, 
and the small amount of radiation received as part of the chest X-ray. The 
possibility of local bruising or bleeding at the puncture site of the blood draw 
was also noted. The consent form indicated that diagnosis (and treatment) of 
cancers detected in this trial might not prolong life and that the screening tests 
might falsely suggest that a person has cancer. Consequently, some participants 
might suffer pain, anxiety, and expense that would not have occurred if the 
individuals had never undergone the screening tests. 

The consent form was reviewed and approved by the National Cancer Insti- 
tute (NCI), the National Institutes of Health (NIH) Office of Protection from 
Research Risks, and the U.S. Office of Management and Budget. The prototype 
is part of the PLCO manual of operations and procedures. Individualized 
versions, possibly involving minor revisions, were approved by the institutional 
review boards of each SC. Consent is also sought for use of biologic samples. 
Consent issues are discussed elsewhere in this supplement [121]. 

Randomization 

Individuals who meet the eligibility criteria are randomized individually 
into intervention and control arms. The randomization scheme uses blocks of 
random permutations of varying lengths and is stratified by SC, gender, and 
age. Random assignment is implemented using compiled software and en- 
crypted files loaded on SC microcomputers. As each person is successfully 
randomized into the trial, data including name, gender, date of birth, and study 
arm are automatically stored in encrypted data tables. At the same time, a 
second protected set of synchronized tables, stored on a backup device, are 
also updated. This device also carries all of the randomization software. In the 
event that the system crashes, randomization can be performed directly from 
the backup device linked to another computer. 

Screening Procedures 

Whenever possible, screening examinations are conducted in a central 
screening facility to promote efficiency, accelerate the examination process, 
eliminate confusion and anxiety among screenees, facilitate patient education, 
and enhance compliance. The goal is to complete screens for all cancer sites 
within a 2-hour period for each screenee. The trial protocol specifies the qualifi- 
cations, experience, and training of the examiners; equipment requirements; 
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examination procedures; and definitions of positive tests. To enhance accept- 
ability of the screening process by screenees, the protocol recommends but 
does not require that technologists of the same gender as the screenee perform 
digital rectal and sigmoidoscopic examinations, as well as palpation and TVU 
.examinations of the ovaries. 

The blood draw for the PSA or CA125 test is usually performed first (for 
males blood is drawn prior to the DRE) and includes the collection of up to 
45 mL of blood. The specimens are centrifuged, and the serum is separated 
from the clot and frozen within 2 4  hours of blood collection. Samples are 
stored at -70°C or colder and shipped weekly overnight on dry ice to the 
central laboratory (LAB) at UCLA for PSA or CA125 assay. Blood not used for 
the PSA or CA125 test is stored in a central repository at -70°C for future 
research. The biorepository is discussed in another paper in this supplement 
[122]. The LAB transmits assay results electronically to the SCs. A PSA result > 
4 ng /mL is considered positive, while a CA125 result > 35 units /mL is consid- 
ered positive. 

A posteroanterior chest X-ray is taken by a qualified technologist and inter- 
preted by a radiologist. The X-ray is taken using dedicated high-kV equipment 
(approximately 110-140 kV) at a tube-to-film distance of 6-10 feet. A wide 
latitude film with a 12:1 standard grid or higher is used. The exam is considered 
negative if evaluation reveals midline structure and heart to be of normal 
size and not displaced or enlarged, and pulmonary parenchyma reveals no 
abnormality suspicious for cancer. The exam is positive (suspicious) for lung 
cancer if evaluation reveals any of the following pulmonary abnormalities: 
nodule, mass, hilar or mediastinal lymph node enlargement, major atelectasis/ 
lobar collapse, infiltrate/consolidation/alveolar opacity, or pleural mass. 

The DRE is performed by a qualified medical examiner. The participant may 
bend at the waist over the end of the examination table, kneel in the knees-to- 
chest position, or lie in the lateral decubitus position with knees pulled up to 
chest. The examiner applies a lubricated gloved index finger at the 6 o'clock 
position to relax the sphincter and then introduces the finger into the anal area 
to palpate the prostate. The examiner explores the anterior portion of the 
rectal vault, i.e., the base, apex, and lateral lobes of the prostate. The exam is 
considered negative if the prostate is symmetric, soft, and non-nodular. The 
result is positive (suspicious) if there is nodularity or induration of the prostate 
gland or if the examiner judges the prostate to be suspicious based on other 
criteria such as asymmetry or loss of anatomic landmarks. 

Preparation for the ovarian palpation examination requires the participant 
to empty her bladder within 30 minutes of the examination. The participant is 
placed in the dorsal recumbent position, in stirrups and draped. The qualified 
examiner notes right and left adnexa and ovaries separately, and a rectovaginal 
examination is performed. The cervix is not visualized. The examiner notes if 
there is blood on the glove after examination. The examiner is blinded to the 
results of the TVU examination. Findings are considered negative if an adequate 
examination is completed and no ovarian masses or other abnormalities are 
detected. For obese participants with nonpalpable ovaries, the examination is 
considered negative. A positive (suspicious) result is defined as a palpable 
ovarian mass or cul-de-sac nodularity. 
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The TVU examination is performed prior to the flexible sigmoidoscopy. It 
is performed by a qualified sonographer using a 5-7.5-MHz transvaginal probe. 
The sonographer images both the left and right ovaries in the transverse and 
longitudinal planes. The examiner searches for no less than 5 minutes per ovary 
for each ovary to ensure an adequate search for the ovaries; however, if the 
iliac vessels are visualized and no ovaries are visualized, the examiner may 
conclude the search for the ovaries. The examiner is blinded to the results of 
the ovarian palpation examination. 

Using calipers, the sonographer takes measurements on the image along the 
major and minor axes in both transverse and longitudinal planes. A negative 
examination is one that clearly defines the ovaries with no abnormalities found. 
If one or both ovaries cannot be visualized, the examination is also considered 
negative, provided no other abnormalities are found. The prolate ellipsoid 
formula (width × height × thickness × 0.523) is used to calculate the volume 
of each ovary and/or  cyst. A finding positive (suspicious) for ovarian cancer 
consists of one or more of the following features: any ovary or cyst greater 
than 10 cc in volume, any solid area or papillary projection extending into 
the cavity of a cystic ovarian tumor of any size, or any mixed (solid/cystic) 
component within a cystic ovarian tumor. 

Sigmoidoscopy is performed by a qualified examiner using a 60-cm flexible 
sigmoidoscope. Bowel preparation includes a Fleet enema, repeated once or 
twice if necessary, on the morning of the exam. A brief medical history is 
obtained before sigmoidoscopy, and vital signs are measured before and after 
the procedure. After a DRE, the examiner introduces the lubricated scope and 
visualizes the rectum and the colon as the scope is advanced. Air for inflation 
or exposure is used at the discretion of the examiner. Once the scope is fully 
advanced, the examiner withdraws the scope and visualizes the colon and the 
rectum as the scope is withdrawn. The examination is considered negative if 
the examiner is able to advance the scope at least 50 cm, there is adequate 
bowel preparation, and no abnormalities are seen. A finding that is positive 
(suspicious) for colorectal cancer or neoplastic lesion is defined as visible (or 
palpable from rectal exam) evidence of a mucosal abnormality including rectal 
nodule(s), rectal and colon mass(es), or rectal and colon polyp(s). 

The examination procedures used in this trial also identify benign abnormali- 
ties such as colon diverticuli seen on flexible sigmoidoscopy or heart enlarge- 
ment seen on chest X-ray. These are reported to the participants and their 
physicians. Training and qualifications of the examiners and documentation, 
reporting, and quality assurance procedures for each screening test are de- 
scribed in detail in the relevant chapters of the trial's manual of operations 
and procedures. Details of the quality assurance procedures for the trial appear 
in another paper in this supplement [123]. 

Rescreening Protocol 
For individuals with negative screens, a scheduling and tracking procedure 

was implemented at each SC to ensure regular attendance at repeat screens. 
A similar procedure was established for individuals with findings that are 
considered suspicious or positive by screening, but for whom subsequent diag- 
nostic evaluations do not reveal a prostate, lung, colorectal, or ovarian cancer. 
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Diagnostic and Therapeutic Follow-Up 
As described above, a major part of the PLCO trial protocol is an active 

screening intervention aimed at achieving high compliance and high-quality 
examinations. If participants are found to have an abnormality suspicious for 
cancer on any one of the screening tests, they are notified of their test results 
within about 3 weeks. These individuals are referred to a physician of their 
choice for appropriate diagnostic workup and treatment. The directing role of 
the SCs ceases after screening, communication of findings, and referral. The 
trial has no direct control over diagnostic and therapeutic procedures. 

The trial is designed to have adequate statistical power for detecting de- 
creases in mortality separately for each cancer site. Therefore, participants with 
positive screening tests must undergo appropriate diagnostic and therapeutic 
procedures in order for the screening process to produce an effect. An attempt 
was made to develop uniform diagnostic and treatment protocols for each organ 
during the protocol development phase. However, after lengthy discussion it 
was decided that the trial could not dictate medical practice. In addition, by 
design, the PLCO trial aims to measure the independent effects of screening 
and early cancer detection. The investigators wanted to avoid activities that 
might unfairly bias the type of cancer therapy received by participants in the 
screened arm. For this reason, the investigators decided not to promulgate 
treatment guidelines for participants with screen-detected cancers. Further, the 
funding agency could not pay for diagnostic and therapeutic procedures. Thus, 
there are no PLCO-prescribed protocols for diagnosis and therapy. 

Individuals with positive findings or with symptoms not arising as a result 
of a PLCO-initiated screening test undergo diagnostic procedures determined 
within their own medical care environment. If requested, referral physicians 
are provided with standard-of-practice guidelines for diagnostic procedures by 
the local PLCO SC. All sequelae to screening tests and /or  subsequent diagnostic 
procedures are identified and recorded. These include any morbid or medical 
events potentially associated with a positive or negative screen or a diagnostic 
procedure subsequent to a positive screen. Individuals diagnosed with prostate, 
lung, colorectal, or ovarian cancer as a result of a trial-initiated screening test 
are referred to qualified medical personnel for appropriate therapy. Treatment 
is expected to be in accordance with current accepted practice for appropriate 
stage of disease, age, and medical condition of the participant. Physicians are 
referred to published references such as those listed in the NIH's Physician's 
Data Query (PDQ) system for treatment guidelines, if requested. 

Data pertaining to diagnosis and (at least initial) treatment of all PLCO 
cancers are collected in both the screened and control arms of the trial to enable 
uniform staging and other prognostic criteria to be applied. In addition, the 
SCs actively track participants with screening test abnormalities and actively 
seek, collect, assemble, organize, and abstract medical record information re- 
lated to diagnostic follow-up and treatment. These data collection activities 
may, and probably do, stimulate contact with physicians and diagnostic follow- 
up among intervention arm participants who have screening test abnormalities. 

Endpoints 
Cause-specific mortality for each of the PLCO cancers is the primary end- 

point. In addition, cancer incidence, stage shift, and case survival data will be 
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collected and monitored as secondary endpoints to help understand and explain 
the results. Biologic and/or  basic prognostic characteristics of the cancers will 
be measured and correlated with mortality to determine the mortality predictive 
value of these intermediate endpoints. Collection of endpoint data will involve 
several processes to ensure as far as possible complete and unbiased ascertain- 
ment of endpoints. These include both active and passive follow-up activities, 
as well as cause-of-death review procedures. 

All prevalent and incident PLCO cancers and all deaths that occur among 
participants during the trial will be ascertained, primarily by means of an active 
follow-up process involving a mailed annual study update (ASU) questionnaire. 
The ASU asks about type and date of cancer diagnosed in the previous year. 
This is accompanied by a follow-up locator form approximately every other 
year that updates the participant's mailing address and personal contacts. 
Participants who do not return the ASU are contacted by repeat mailing and /  
or telephone. Compliance with the ASU is expected to be about 95%. SCs that 
are located in regions having population-based cancer registries also make use 
of these resources for follow-up. 

The ASU activity will be supplemented by linkage to the National Death 
Index (NDI) to enhance completeness of endpoint ascertainment. Each SC 
collects and retains the information necessary to search the NDI files: name, 
social security number, and date of birth. Other useful information is state of 
birth, last known state of residence, race, and marital status. Procedures for 
and timing of NDI searches will be determined as the trial progresses. Although 
one could expect substantially complete endpoint identification using the NDI, 
the PLCO trial uses an active approach as the primary follow-up process to 
obtain more timely information and to promote contact with participants so 
as to enhance acquiring consent and clinical follow-up information should a 
participant develop cancer or die. 

Underlying cause of death is determined for all participants who die during 
the trial. Since the true underlying cause may not always be evident or accu- 
rately portrayed on the death certificate, the trial will employ a death review 
process to assess cause of death in a uniform and unbiased manner. Each SC 
collects and makes available for the death review process all documents needed 
for ascertaining the underlying cause of death, including death certificates, 
pathology and other medical forms, available autopsy reports, and pathology 
slides as necessary. These documents will be reviewed by a panel of individuals 
with appropriate expertise who are not otherwise affiliated with the trial and 
who will be blinded as to the randomized arm of the deceased participants [124]. 

Etiologic and Early Marker Studies 
To support these objectives, the PLCO collects and archives (1) baseline and 

supplemental demographic and risk factor information on all participants, 
and (2) specifically processed blood products and other tissue samples for 
molecular/genetic research. Serial, prospective collection of biologic samples 
(serum, plasma, red blood cells, and buffy coat) from screened participants 
will make future studies to evaluate new early detection markers of PLCO 
cancers inexpensive and rapid. It will also make possible molecular epidemio- 
logic and etiologic risk assessment studies of the highest scientific quality. 



294S P.C. Prorok et al. 

A full discussion of the biorepository appears in a companion paper in this 
supplement [122]. 

Sample-Size Calculations 
Sample size was calculated using the method suggested by Taylor and 

Fontana [125], modified to allow for arbitrary magnitude of screening impact, 
arbitrary sample-size ratio between screened and control arms, and arbitrary 
levels of compliance in the screened and control arms. Let Nc be the number 
of individuals randomized to the control arm and Ns be the number randomized 
to the screened arm, with Ns = f N o  where f  is a proportionality constant. For 
0 < r < 1, assume the trial is designed to detect a (1 - r) × 100% reduction 
in the cumulative disease-specific death rate over the duration of the trial. Also 
let Pc be the proportion of individuals in the control arm who comply with 
the usual-care protocol and Ps be the proportion of individuals in the screened 
group who comply with the screening protocol. The total number of disease- 
specific deaths needed for a one-sided s-level significance test with power I - 

is then: 

D = [(Qc + f Qs) Zl-~ - -  XlQcQs (1 + f) Z,] 2 
f (Qc - Qs) 2 

where Qc = r + (1 - r)Pc and Qs = 1 - (1 - r)Ps. The number of participants 
required in the control arm is: 

D 
No= 

(Qc + f Qs) RcY 

where Y is the duration of the trial from entry to end of follow-up in years 
and Rc is the average annual disease-specific death rate in the control arm 
expressed in deaths per person per year. 

A one-sided hypothesis testing approach to sample-size calculation was 
employed based on the nature of the question being addressed. The PLCO 
trial is intended to provide definitive evidence of the effect of screening on 
cause-specific mortality compared to usual medical care, analogous to phase 
III placebo-controlled trials in the therapeutic setting. The focal question for each 
of the four cancers is whether screening reduces mortality. This is inherently a 
one-sided research question, implying a one-sided design and analysis ap- 
proach. The question is not whether screening reduces or increases mortality. 
Determining whether screening increases mortality is not an objective of this 
trial. Furthermore, if the screening intervention has no effect or if it is harmful, 
the consequences in terms of a public health decision are the same screening 
is not recommended. This further dictates a one-sided approach [126]. 

The estimation procedure is illustrated for prostate cancer for white males. 
Prostate cancer screening was the impetus for the trial and is the primary focus 
for sample-size calculations. Similar calculations can be done for the other sites 
using the data in Table 3. This illustration is based on calculations done for 
the original design prior to the pilot phase, when the eligible age range was 
60-74 years and the trial duration was 10 years from randomization for each par- 
ticipant. 
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Table 3 Cancer Mortality Rates per Person per Year (x10-5), Estimated Using 
1983-1987 Data 

Prostate Ovarian Colorectal Lung 

Age (years) White Black White Black White a White b 

Males 
50-54 
55-59 
60--64 
65--69 
70-74 
75-79 
80--84 
85+ 

Females 
50-54 
55-59 
60--64 
65-69 
70-74 
75-79 
80-84 
85+ 

3.5 11.1 - -  - -  20.8 88.4 
11.5 31.9 - -  - -  39.6 165.4 
30.4 80.4 - -  - -  64.6 252.6 
71.1 174.1 - -  - -  104.4 367.6 

137.8 332.3 - -  - -  156.1 470.2 
244.8 515.7 - -  - -  216.0 543.9 
402.8 838.7 - -  - -  296.0 555.0 
606.3 937.1 - -  - -  378.6 441.3 

u 

m 

m 

14.2 10.4 16.5 46.5 
20.3 15.3 28.1 75.3 
27.5 23.3 43.9 104.9 
35.3 27.4 67.9 138.0 
41.5 33.8 100.1 152.9 
45.2 34.5 141.9 143.8 
49.8 41.1 200.5 127.2 
44.7 35.0 289.2 103.5 

Rates for black males are very similar. Rates for black females in age group 65-79 years are about 
15% higher. 
bAverage rate for black males in age group 65-79 years is about 13% higher. Average rate for 
black females in age group 65--79 years is about 20% lower. 

Calculation of Nc requires an estimate of Ro It was assumed that the trial 
wou ld  enroll an equal number  of participants in each of three age strata: 60-64, 
65-69, and 70-74 years. Because individuals recruited for screening trials are 
expected to be healthier than the general population, the usual cancer mortali ty 
rate obtained from national or registry data will overestimate the mortality 
rate of the participants, at least for the early part  of the trial. Therefore, for a 
10-year prostate cancer screening trial with men entered between the ages of 
60-74, it was assumed that for the first 2 years the mortality rate in the control 
arm is 25% of the usual rate, for the next 3 years it is 50% of the usual rate, 
and for the last 5 years it equals the usual rate. The usual mortali ty rate was 
estimated by the unweighted  average prostate cancer mortali ty rate for men 
ages 65-79 years. This age range was used to adjust for aging over the 10 years 
of the trial. The usual mortali ty rates from national data are shown in Table 3 
[127]. The estimated rate for this example is Rc = 103.763 × 10 -s. 

Results of sample-size calculations for the trial are given in Table 4. These 
calculations assume a 10-year trial using a one-sided, 0.05-level test, Pc = Ps = 

1, and possible mortali ty reductions as shown in a screened group compared  
to an equal-sized, usual care group (f = 1). The sample sizes are based on 
mortali ty rates for whites. Including blacks in the trial does not substantially 
alter sample size. A sample size of 37,000 (rounded u p  from 36,221 in Table 
4) screened and 37,000 controls of each gender  was chosen on the following 
basis. A high power  of at least 90% is manda to ry  to yield a meaningful  negative 
result, should that happen,  and to achieve a high level of scientific validity 
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Table 4 

P.C. Prorok et al. 

Number  of Participants Ages 60-74 Years at Entry Needed in Each 
Arm of the Trial 

Mortality Reduction (%) 

Site Power 10 20 30 35 

Prostate 0.9 153,577 36,221 15,078 
(males) 0.8 110,906 26,182 10,920 

Lung 0.9 76,721 18,095 
(males and females) 0.8 55,404 13,080 

Colorectum 0.9 177,208 41,794 17,397 
(males and females) 0.8 127,971 30,211 12,600 

Ovary 0.9 134,697 56,069 
(females) 0.8 97,365 40,606 

39,733 
28,817 

because a trial of this magni tude  addressing these questions is not  likely to be 
repeated. In addition, it was felt that for an effect of prostate cancer or colorectal 
cancer screening to be of public health importance, it must  be at least 20% or 
greater. Given the magni tude  of the lung cancer problem, it was felt that a 
screening effect of 10% or greater would  be very important.  To estimate whether  
a 20% effect for prostate cancer screening was realistic, two calculations were 
performed. The first used plausible stage shifts due  to screening and survival 
by  stage to project possible improved outcome for screen-detected cancers. The 
second used projections from a computer  model  [128]. Both gave mortali ty 
reduction estimates in the range of 25% with perfect compliance. 

Power  calculations are displayed in Table 5. With 37,000 men and women  
in each arm, the trial has 91% power  to detect a 20% mortality reduction in 
prostate cancer mortality and 89% power  to detect a 10% lung cancer mortality 
reduction. The power  is nearly 90% to detect a 15% colorectal cancer mortality 
reduction and 99% for a 20% effect. For ovarian cancer, the power  is nearly 
90% to detect a 35% mortality reduction. 

It was recognized that compliance will not  be perfect in either randomized 
group. Contaminat ion or drop-in will occur in the control arm (Pc < 1) and 
noncompliance or d ropout  is to be anticipated in the screened arm (Ps < 1). 
The target mortality reductions of 20% for prostate and colorectal cancers and 
10% for lung cancer therefore are to be interpreted as effects that the trial seeks 

Table 5 Power by Percent Reduction in Mortality with 37,000 Men and 37,000 
Women  in Each Arm 

Mortality Reduction (%) 

Site Gender 5 10 15 20 25 30 35 

Prostate 
Lung 

Colorectum 

Ovary 

male - -  - -  0.71 0.91 0.98 - -  - -  
both genders 0.41 0.89 0.997 . . . .  
female 0.17 0.41 0 .69  . . . .  
male 0.34 0.81 0 . 9 8 5  . . . .  
both genders - -  - -  0.89 0.99 0.999 - -  - -  
female - -  - -  0.56 0.79 0.93 - -  - -  
male - -  - -  0.72 0.92 0.99 - -  - -  
female - -  - -  - -  0.45 0.62 0.77 0.88 
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Table 6 Percent Mortality Reduction Required When Compliance Is 100% 
in Both Groups, Based on a Mortality Reduction of 20% in the 
Presence of Noncompliance, as a Function of Ps and Pc 

Compliance in the Compliance in the Screened Group (Ps) 
Control Group (Pc) 0.5 0.6 0.7 0.8 0.9 1.0 

0.5 --  100 67 50 40 33 
0.6 90 71 53 42 34 29 
0.7 77 56 43 36 30 26 
0.8 59 45 37 31 27 24 
0.9 48 39 32 28 24 22 
1.0 40 33 29 25 22 20 

to detect in the presence of whatever noncompliance and contamination exist 
in the populations. This implies that if there were perfect compliance, the 
mortality reductions would be greater since they would not be diminished 
by noncompliance. 

One can assess the relationship between true effect size and level of noncom- 
pliance during the screening period by examining Table 6, which shows what 
the mortality reductions with perfect compliance would have to be to realize 
a 20% mortality reduction for various levels of noncompliance in the screened 
and control groups. For example, if 90% of participants in the screened group 
undergo a PSA test (Ps = 0.9) while 20% of controls are so screened (Pc = 0.8), 
then the prostate cancer mortality reduction from such screening would have 
to be 27% with perfect compliance for there to be a 20% effect in the presence 
of noncompliance. The 27% figure corresponds very closely to the modeling 
estimate. Thus, compliance of at least 90% and contamination of no greater 
than 20% for prostate cancer screening, particularly with PSA, were chosen as 
the target values for these parameters. 

Inquiries into potential screening compliance and screening contamination 
for the four cancer sites being studied in this trial indicated that the ranges of 
reasonable target values at the time of initiation of recruitment were as shown 
in Table 7. In addition to direct contact with health maintenance organizations 
and existing SCs, published data from the 1987 National Health Interview 
Survey were used to gauge these effects [129, 130]. These numbers were neces- 
sarily somewhat subjective. Additional estimates were obtained directly from 
the trial population during the pilot phase, and further assessment will occur 
as the trial progresses, possibly leading to sample-size adjustment. 

In the context of these levels of contamination and compliance, the required 
true levels of mortality effect (effect size) with perfect compliance are, approxi- 
mately, lung 20%, colon 25%, and prostate 25%. These requirements are consis- 
tent with expected effects based on modeling efforts [74, 75, 103]. 

Regarding the ovarian cancer objectives of this trial, if the mortality reduction 
from screening for ovarian cancer were 35%, this design would have almost a 
90% power to demonstrate this effect. However, if the mortality effect were 
only 25%, 84,000 screened women and an equal number of controls would be 
required to achieve 90% power. Thus, the ovarian component of this trial is to 
be viewed as a two-step process. Near the end of the screening phase of the 
trial, sufficient cases of ovarian cancer should accrue to provide good estimates 
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Table 7 

P.C. Prorok et al. 

Design Contamination and Compliance Ranges Projected by 
Modality 

Compliance (%) Contamination (%) 

Digital rectal exam >90 <20 
Prostate-specific antigen >90 <20 
CA125 >90 <10 
Ovarian palpation >85 <10 
Transvaginal ultrasound >85 <10 
Sigmoidoscopy >85 < 15 
Chest X-ray >85 <40 

of sensitivity for each screening modality. Specificity and predictive value can 
also be estimated. If as a result any one or combination of the tests appears 
sufficiently promising to justify a full mortality study, the female population 
base of this trial could be supplemented or a meta-analysis of data from this 
trial and other relevant studies could be done to increase power. 

As noted above, in January 1996 the lower age limit for trial participation 
was reduced from 60 to 55 years. Given the lower mortality rates in the 55-59 
age stratum, this would ordinarily imply the need for an increase in the sample 
size. However, this protocol change took place after the April 1995 eligibility 
criterion change, also noted above, to exclude men who had prior repeat PSA 
screening, thereby reducing the contamination level. Sample-size estimates for 
prostate cancer screening for the age range 55-74 years are shown in Table 8. 
For compliance of 90% and a revised estimate of contamination of 10-15%, a 
sample of 37,000 men (and therefore 37,000 women) in each trial arm is still 
appropriate. A similar conclusion holds for the other cancer sites as well. As 
mentioned, this estimate is monitored regularly during the enrollment phase 
of the trial to determine if adjustment is required. 

Based on the monitoring of design parameters, further protocol modifications 
were adopted in December 1998. These were to change from a 3-year to a 
5-year interval for flexible sigrnoidoscopy for individuals who had not yet had 
their second exam, and at the same time to add year 4 and 5 PSA and CA125 
tests. Also, the remaining third annual chest X-ray exams are offered only to 
current or former smokers, and follow-up is extended 3 years, so that all 
participants will be followed at least 13 years from randomization. A final 
change was that the ovarian palpation exam, which had been part of the original 
protocol, was eliminated. 

Table 8 Number of Males Required in Each Arm to Achieve 90% Power 
with Age at Entry Range 55-74 Years, as a Function of Ps and Pc 

Ps 
Pc 0.85 0.90 0.95 

0.80 53,057 45,338 39,134 
0.85 46,087 39,787 34,650 
0.90 40,440 35,225 30,918 
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The interval between flexible sigmoidoscopy was lengthened to coincide 
with recommendations in the community and was based on preliminary infor- 
mation suggesting that sigmoidoscopy at 3 years finds polyps, but very few 
are likely to be of any significance. A delay of 2 years was expected to yield 
more polyps and cancers, leading to a greater potential for mortality reduction. 
The addition of 2 extra years of PSA and CA125 blood tests and at least 3 
additional years of follow-up were adopted to provide assurance of sufficient 
screening effect and statistical power in the event that initial design assumptions 
were incorrect. The final round of chest X-ray testing for individuals who never 
smoked was eliminated because of the very low yield of this exam. Finally, 
the ovarian palpation exam was deleted because of very low yield and the 
fact that a very high proportion of women participating in the trial regularly 
underwent pelvic examination, thereby diluting any possible effect of the palpa- 
tion exam. 

Data Reporting 

The data management system for the trial has the following operational 
requirements: ability for the NCI and the CC to access SCs remotely, synchroni- 
zation of databases on multiple platforms, preparation of high-quality analysis 
datasets, secure backup and archiving of data, and robust configuration man- 
agement. Data are exchanged via a distributed data entry system and are 
transmitted among collaborators via common carrier service using modems, 
with transmission to the NIH mainframe on a regular basis. A detailed descrip- 
tion of the system is provided in a companion manuscript in this supple- 
ment [131]. 

Various forms were developed for collection of information in this trial. 
Included are eligibility and consent forms, male and female versions of the 
baseline questionnaire, a dietary questionnaire, examination forms for each 
screening procedure, diagnostic evaluation and treatment forms, and a ques- 
tionnaire for regular follow-up of participants. Additional forms are developed 
as needed as the trial progresses. Most forms are scanned into the data system. 
All trial forms are catalogued in the trial's manual of operations and procedures. 

Pertinent data items include but are not necessarily restricted to the fol- 
lowing: 

1. participant trial identification number; 
2. participant demographic and risk factor information; 
3. participant randomized group, date of birth, and date of entry into the 

trial; 
4. date and result of each screening test for each screened group participant; 
5. sufficient information regarding diagnostic procedures performed as a 

result of a positive or suspicious screening test to allow determination of 
whether a cancer was or was not diagnosed as a result of screening; 

6. for all screening tests, detailed physical findings and any complications 
or morbid events possibly associated with the test, and description of 
any diagnostic procedures subsequent to a positive test; 

7. for every PLCO cancer diagnosed during the trial in both randomized 
groups, date of diagnosis, histology and stage at diagnosis, and initial 
therapy; 
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8. for every death that occurs during the trial in both randomized groups, 
date of death and cause of death as noted on the death certificate, coded 
using the ICD-9-CM classification. 

Data Analysis Plan 

Analytical methods used will include standard descriptive statistics and 
techniques such as regression, analysis of variance and covariance, analysis of 
rates and proportions, contingency table methods, and analysis of survival 
data. New methods of analysis or modeling will be developed and applied 
as needed. 

Topics addressed in the pilot phase included recruitment progress and prob- 
lems, evaluation of randomization and the delivery of screening, participant 
follow-up, compliance, contamination, assessment of quality assurance prac- 
tices, evaluation of the distributed data entry system, evaluation of data forms 
processing and information flow, and operation of the biorepository. Intra- 
and intercenter comparisons in the areas mentioned above are conducted using 
descriptive statistics to monitor progress and practices. Compliance and con- 
tamination are examined, and quality assurance is monitored using summary 
statistics on screening results and comparing screening exams with quality 
assurance exams. 

Topics to be addressed in the main phase include the following: 

1. quality assurance, recruitment, delivery of screening, follow-up, compli- 
ance, contamination, and information system evaluation--all continued 
from the pilot phase; 

2. characteristics of the enrolled population; 
3. determination of screening test operating characteristics including sensi- 

tivity, specificity, and predictive value; 
4. prevalence and incidence; 
5. characteristics of the four PLCO cancers including stage, histology, sur- 

vival, prognostic variables, and interval versus screen-detected cases; 
6. lead-time estimation and modeling; 
7. incidence rates of interval cancers and advanced stage disease; 
8. cause-specific and all-cause mortality; 
9. therapy of cancer cases; 

10. complications of interventions; 
11. surrogate end points; 
12. cost variables; 
13. quality of life. 

Each of these areas will be examined for the trial overall, and variability 
among SCs will be investigated. Cancer site-specific mortality rates for each 
of the four PLCO cancers will be calculated and compared between the screened 
arm and the control arm on an intent-to-treat basis as the primary analyses in 
this trial. These mortality rates are calculated as the number of cause-specific 
deaths per 1000 person-years at risk among all individuals randomized to a 
given arm of the trial. In addition, the death rates from other causes and total 
mortality will be scrutinized to assess the comparability of the randomized 
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populations. The rates will be calculated from time of entry, yearly and cumula- 
tively, by age group at entry and for all ages combined, and by gender and 
for both genders combined where appropriate. These rates will be compared 
using Poisson tests, Poisson regression analysis, and the log-rank test. Stratifica- 
tion will be taken into account. Since it is likely that the mortality or hazard 
rates in the screened and control arms of this trial will not be proportional 
throughout the trial, statistical methods that apply to this situation will also 
be considered. 

Sensitivity, specificity, and predictive value will be estimated for each screen- 
ing test and test combination for each cancer site for each screen. After the 
completion of screening, overall estimation of these parameters will be under- 
taken. In addition to the standard calculation of sensitivity as the ratio of screen- 
detected cases to all cases found through some interval after a screen, usually 
I year, a second method will be employed that uses the proportion of expected 
incidence in time periods after a negative screen [132]. Prevalence will be 
calculated as the number of cancers detected per 1000 individuals screened on 
the first screen for each cancer site and SC, and will be pooled to indicate 
overall prevalence. Incidence will be similarly calculated as the number of 
cancers per 1000 person-years at risk. Incidence rates will be calculated yearly 
and cumulatively over the course of the trial. The ratio of prevalence to inci- 
dence will be used as an estimate of the mean duration of preclinical disease. 

For cancer case characteristics such as stage and histology that carry prognos- 
tic implications, the distribution of each characteristic will be calculated for 
each cancer site among usual care group cases, all screened group cases, screen- 
detected cases, and interval cases. The distributions can be compared using 
chi-square tests. Survival distributions will also be calculated for the same 
subsets of cancer cases using the Kaplan-Meier method and will be compared 
using the log-rank test and Cox proportional hazards regression methods. 
These distributions will be calculated cumulatively through each successive 
year of the trial to assess whether there is some suggestion of screening benefit. 
However, these intermediate endpoints cannot be relied upon for definitive 
evaluation because they are subject to lead-time and length biases. 

Estimation of lead time is important as an intermediate indicator of the early 
detection capability of the screening procedures in the trial. Average lead time 
will initially be estimated using the prevalence to incidence ratio under the 
assumption of an exponential distribution of preclinical duration. After screen- 
ing has been completed, other modeling approaches will be employed. These 
include the Day-Walter model [133, 134], which allows estimation of the lead- 
time distribution, and newer approaches that examine differences in long-term 
case survival rates to estimate mean lead time [135, 136]. 

The specific therapy used for each PLCO cancer will be collected in the 
screened and control populations within each disease stage. These data will be 
examined to assess whether, within each stage of disease, therapy is comparable 
between randomized groups to eliminate any confounding effect of therapy 
in assessIng the impact of the screening protocol. Treatment distributions can 
be compared usIng chi-square procedures. In addition, there will be consider- 
ation of alternative endpoints that can act as a surrogate for mortality, but 
which can be ascertained sooner, perhaps at reduced cost. Possible surrogates 
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include advanced stage rate [137], functions of stage or other cancer case charac- 
teristics, or functions of lead time. 

Complications of the screening, diagnostic, and treatment procedures admin- 
istered to trial participants will be monitored. These include any medical com- 
plications or risks and any mortality potentially related to trial procedures, 
particularly the more invasive procedures such as colonoscopy or laparotomy 
that might follow a positive colorectal screen or ovarian screen, respectively. 
These will be examined for each cancer site and each SC at least for each month 
up to 1 year after a screening episode. Cancer incidence will also be tracked 
carefully to alert the investigators to the possibility of substantial overdiagnosis 
of one of the cancers being studied. This is thought to be a problem particularly 
for prostate cancer. Guidelines for termination in the event of adverse effects 
of the screening process will also be developed by the MAP. 

Sequential monitoring will be an integral part of this trial and will be con- 
ducted separately for each PLCO cancer site. Statistical monitoring guidelines 
have been established by the trial investigators and the MAP to use in periodic 
examinations of the emerging data from the trial to decide on continuation or 
termination. Beginning in study year 9, the accruing mortality data and second- 
ary endpoints will be examined annually by the MAP, which will determine 
if and when a protocol change is warranted that would result in an early 
decision about screening for one or more of the cancer sites. The data will be 
analyzed in two ways: one addressing the prospect of termination due to a 
significantly large effect, and one focusing on early termination due to a negligi- 
ble effect. For early termination with a large effect, a variant of the O'Brien- 
Fleming boundary arising from Method 1 of Lan and DeMets [138] will be 
used. The test statistic will be a weighted log-rank statistic with weights linear 
in cumulative mortality. Choice of this combination of boundary and weights 
was based on power computation conducted using simulation methods. For 
early termination with a negligible effect, the stochastic curtailment procedure 
in Lin et al. [139] will be implemented. This procedure makes allowance for 
nonproportional hazards, frequently encountered in a screening trial. 

DISCUSSION 

The PLCO trial represents a major commitment of resources and personnel 
designed to evaluate early detection procedures that have great potential to 
reduce the burden of cancer in the population of the United States as well as 
other countries. The four cancers targeted for intervention are among the major 
sources of cancer incidence and mortality in the United States in the targeted 
age group. Within the constraints of the design assumptions, the sample size 
is sufficient to ensure scientifically valid assessment of the impact of the screen- 
ing tests on cause-specific mortality. In addition, the trial will investigate sec- 
ondary endpoints and disease natural history questions, and will provide data 
that can be used to address relationships among costs, risks, and benefits. 

The screening tests being examined in this trial have been in use for many 
years, if not decades, but until now none has been rigorously evaluated in a 
proper scientific trial. The prospective randomized design was chosen for this 
undertaking because of the uncertainty in interpretation of observational stud- 
ies of cancer screening due to selection bias and the difficulty in understanding 
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the reasons for changes over  time in popula t ion  cancer rates. Furthermore,  it 
was decided to assess intervent ion for four cancers in one trial to take advantage 
of the cost savings achieved by  having one administrat ive structure and one 
CC, as well  as to mimic to some extent the multiphasic nature  of screening in 
the communi ty .  

The PLCO timetable calls for recrui tment  to be completed in the year 2001 
wi th  fol low-up continuing for another  13 years. The accruing data will be 
moni tored  on a regular  basis, so that any findings on the main mortal i ty 
outcome endpoints  that occur sooner can be repor ted promptly .  For any of the 
four cancer sites being studied,  if the findings are positive, the trial will p rovide  
a quanti tat ive estimate of the effect that will be used in cost-effectiveness 
planning for public health purposes.  Negative findings will p rovide  scientific 
evidence for abandoning a test and shifting resources elsewhere. 
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